Abstract. A newly synthesized human big gastrin (G34) that was prepared according to the revised structure and that contained <3% oxidized methionine residues was compared with synthetic human little gastrin (G17) for acid-stimulating activity and clearance in human subjects. Prolonged infusions of each type ofgastrin revealed that the time required to approach stable plasma concentrations was much longer for G34 than for G17. The time course of plasma gastrin concentration could be described by one-compartment models with half-lives of 44 min for G34 and 8 min for G17. After rapid intravenous infusion, G34 produced a much larger total acid response than did an equimolar dose of G17, and the responses were directly proportional to the integrated plasma gastrin increments. During the third hour of prolonged intravenous infusions of G34 and G 17, the exogenous dosage of G34 required to produce the same blood concentration of gastrin was only one-fourth that ofG 17. Equivalent blood concentrations ofG34 and G17 were associated with similar rates ofacid secretion. These results suggest that G34 is more potent than has been thought, that it has an activity similar to that of G 17 and that it must not be ignored in estimating total acid-stimulating activity of circulating gastrins. The measurement of total carboxyl-terminal immunoreactive gastrin can produce a good estimate oftotal acid-stimulating activity.
Introduction
It is well established that the two major forms of gastrin in blood and in gastrin-producing tissues are the 34-amino acid big gastrin (G34)' and its carboxyl-terminal heptadecapeptide fragment, little gastrin (G17) (1) . Biological activities and metabolic clearance rates of G34 and G17 have been studied previously in dogs (2) and in humans (3) . The gastrins used for these studies were obtained by extraction and purification from a large human gastrinoma (4) . It was concluded that G17 was approximately six times more potent than G34 as a circulating stimulant of gastric secretion. Because G17 was cleared from the circulation about six times faster than G34, the two peptides appeared to be equally potent when given by continuous intravenous infusion (2, 3) . It was found that G34 was the predominant form of gastrin in blood taken from fasting subjects, but that G17 and G34 were present in similar concentrations during stimulation by food (5, 6) . From these studies it was concluded that G17 was the more important gastrin and that G34 played only a minor role in regulating gastric secretion by the circulating gastrins (7) .
The amount of natural human G34 is quite limited, and further evaluation of the biological properties of G34 has depended upon synthesis of a peptide with identical structure. Studies with one preparation of synthetic human G34 indicated that it and G17 are equally potent stimulators oflower esophageal sphincter contraction (8) . It was not known if there was a difference in organ responsiveness between esophagus and stomach. Further examination of this question was suspended when Dockray provided immunochemical evidence for an error in the sequence determinations of the amino-terminal portions of porcine (9) and of human (10) G34. The chemical basis for this difference was discovered at positions 7, 8, and 9, where the sequence His-Pro-Ser reported initially should have been ProPro-His (1). This change has been confirmed by direct analysis of the porcine ( 11) and the human (12) complementary DNA sequence. The complete synthesis of human G34 according to the revised sequence was recently achieved, and the peptide obtained was shown to be pure by extensive chemical and chromatographic testing (13) . This synthetic G34 preparation was used to reevaluate clearance rates and acid-stimulating activity.
Methods

Subjects
The study group consisted of six male control subjects (aged 32-61 yr, mean 49) who had no symptoms that suggested peptic ulcer disease, and six male patients with duodenal ulcer (DU) disease (aged 59-72 yr, mean 62). All the ulcer patients had inactive ulcer disease, were free of ulcer symptoms at the time of the study, and did not take histamine antagonists. No drug was taken during the 36 h before the study. All subjects gave full informed written consent, and the studies were approved by the Veterans Administration Wadsworth Research and Human Subject Protection Committees. G17 and G34 were administered under Investigation New Drug numbers 10,872 and 18,719, respectively, of the U. S. Food and Drug Administration.
Peptides
Synthetic human G17, purchased from Research Plus, (Denville, NJ) was dissolved in 0. 15 M NaCl containing 0.25% human serum albumin at a concentration of 10 nmol/ml under sterile conditions. Vials containing 10 ml of G17 were prepared under aseptic conditions by the University of California, Los Angeles Pharmacy and stored at -70'C.
Synthetic human big gastrin, which included the revised Pro-ProHis sequence in positions 7-9, was synthesized as previously described (13) . Infusion solutions were prepared exactly as described for G 17. The concentration of peptide obtained by weighing, by measurement of absorbance at 280 nm, and by radioimmunoassay with antibody 1611 (14) or antibody 1296 (15) was within 10% of the predicted value. No correction was required for immunoreactivity, as the immunoreactivity of the G34 preparation varied between 0.9 and 1.0, compared with 1.0 assigned to synthetic G17.
Gastrin radioimmunoassay 6 -ml blood samples were collected in tubes containing EDTA (10.5 mg/ tube) to which 0.2 ml aprotinin (2,000 Krein inactivator units) (Trasylol; The Bayer Co., New York, NY) was added per 5-ml blood sample. Samples were refrigerated immediately and centrifuged within 30 min, and the plasma was stored frozen until radioimmunoassay was performed. Gastrin was measured as previously described (14) , and all measurements were done with antibody 161 1. This antibody has been characterized previously and was shown in the present study to react equally with G17 and G34 (15) . In addition to blood samples, aliquots of actual infused solutions were taken from the tips of infusion tubes to confirm the accuracy of dilutions of gastrin standards.
Intravenous infusions ofsynthetic G34 and GJ 7
Rapid intravenous injections. On separate days, six DU subjects received 50-pmol/kg doses of G34 and G17, each delivered over a 30-s period.
Blood samples were taken over 15-s periods at intervals of 2.5-15 min for plasma gastrin radioimmunoassay. Gastric acid secretion was measured by titration of pH 7.0 of samples obtained by aspiration through a nasogastric tube positioned in the most dependent part ofthe stomach, as previously described (3) .
Stepwise intravenous infusions. Six DU patients were given consecutive intravenous infusions of 3, 12.5, 50, 200, and 800 pmol/kg per h G34 and G 17 on separate days. Each dose was given for 30 min. Gastric acid secretion was measured by intragastric titration (16) , which was modified to use isotonic glucose rather than sodium chloride as the perfusion solution (17) . Blood samples were obtained at 15-min intervals for gastrin measurements.
Continuous intravenous infusions. In six control and five DU subjects, G17 was infused intravenously at a dosage of 50 pmol/kg per h for 3 h. Gastric acid secretion was measured by aspiration during the infusion and for 1 h after it was stopped. Blood samples were taken over 15-s periods at 5-15-min intervals. In the same subjects, G34 was administered for 3 h at a dosage of 12.5 pmol/kg per h. Acid secretion was measured during infusions and for 3 h after. Blood samples were taken during the same time periods.
In the five DU subjects, G34 was also given at a higher dosage, 50 pmol/kg per h for 3 h, and the decay of plasma gastrin again was measured over the next 3 h. During all these studies, gastric acid secretion was divided into 15-min periods for measurement.
Finally, four DU subjects received 12.5 pmol/kg per h G34 infusions for 4 h to determine if longer infusion would lead to further increases in circulating G34.
Gelfiltration studies
In four subjects, I-ml plasma samples taken during the third hour of continuous infusion of the higher dose of G34 were subjected to gel filtration analysis on 1 X 100-cm Sephadex G50 superfine columns as described previously (3).
Calculations
Disappearance rate constants and plasma half-lives of G34 and G17 were estimated for one-and two-compartment models, using weighted or unweighted least squares, by the computer program BMDP3R (18) . The volume of distribution was calculated from the equation V = dl (c. k) using the plateau principle of Goldstein et al. (19) 
Results
Rapid intravenous injections. Plasma gastrin concentrations measured after rapid intravenous injections of G34 and G17 are shown in Fig. 1 . One-and two-compartment models were fit to the decay curves. Somewhat better results were obtained with the one-compartment model, although it could be seen that the first points in the decay represented a small mixing compartment, as attempts to fit a two-compartment model failed in some subjects because of lack of convergence of the iteration procedure. When weights inversely proportional to the gastrin levels were used, the one-compartment model gave half-lives of 31±2 min for G34 and 5.2±0.7 min for G17. These results agree well with the values of 38 and 6.4 min determined previously for G34 and G17 (3) .
When the plasma gastrin responses after the rapid intravenous infusion of both peptides were integrated over 180 min, the integrated plasma gastrin response after G34, 4,318 pmol. min per liter, was 3.2 times greater than the integrated plasma gastrin response after G17, 1,376 pmol min per liter. As shown in Fig. 2 , the acid secretion rates paralleled the time course ofthe plasma gastrin concentrations. The total acid output in the 180-min period after G34 infusion was 3.4 times greater than in the 180-min period after GI 7 infusion.
Stepwise intravenous infusions. When consecutive 30-min infusions of quadrupling dosages of G34 and G17 were administered to five DU subjects, the plasma gastrin concentrations increased during each infusion period (Fig. 3) . Because of the constant change in infusion rates during this study, it was impossible to estimate gastrin metabolic rates. The weighted mean gastrin concentrations (the mean value from the beginning and end ofeach infusion period plus twice the value at each midpoint, divided by four) were 2.4±0.1 times higher during G34 than during G 17 infusions. The gastric acid secretion rates measured during these studies revealed quite similar acid responses to equimolar doses of G34 and G17 (Fig. 4) . The potency of G34 estimated by plotting acid secretion rates vs. plasma gastrin concentrations was 0.57 compared with G17, but the confidence interval was 0.22-1.52 and there was no significant difference in the potency estimates of G34 and G17.
Prolonged intravenous infusions ofG34 and GJ 7 in DU and control subjects. Since steady state conditions were not approached in the experiments described above, prolonged infusions ofG34 and G 17 were also given. Fig. 5 shows the results of 3-h infusions of 50 pmol/kg per h of G17 and of G34 in five DU subjects. During G34 infusion, plasma gastrin concentrations had reached 92% ofcalculated equilibrium concentrations after 180 min. The time course of the plasma gastrin levels TIME (min) could be well described by a one-compartment model; there is no significant improvement in fit by adding a second compartment. The plasma half-life of G34 was 48±6 min, the distribution volume was 30±3% body wt, and the clearance rate was 300 ml/min. During infusion ofG 17, plasma gastrin reached a plateau after 20-30 min and showed a rapid decay by a onecompartment model with a plasma half-life of 8. During the 3-h infusion of G34 in a dose of 50 pmol/kg per h, acid secretion rates increased steadily and reached a maximum after 90 min (Fig. 6) Acid secretion rates after infusion of G34 reached 65% of maximal acid secretion in the DU and 69% in the control subjects. Therefore, on a molar basis, circulating G34 and G17 seemed to have similar acid-stimulating activity.
In the control subjects, the time course ofthe plasma gastrin levels after cessation of the infusion of G34 and G17 was measured for 3 and 1 h, respectively. As in the DU subjects, the time course could be well described by a one-compartment model. Plasma half-lives ofG34 and G 17 min, mean±SE), distribution volume (21±2 vs. 17±3% body wt), and clearance rates (1,340 vs. 338 ml/min) were similar to those determined in the DU patients. The clearance values calculated under different conditions are summarized in Table I . Gel filtration studies on circulating synthetic G34. Plasma samples obtained during the third hour of G34 infusion and subjected to gel filtration revealed an increase in immunoreactive gastrin only in the tubes that eluted from G50 superfine Sephadex in the same region as did synthetic G34 when the columns were separately calibrated. No increase was found in the G17 immunoreactive area. Under these conditions, an increase in G 17 due to peripheral conversion of >5-10% of G34 to G17 should have been detectable, but no increase was seen.
Discussion
The results obtained in DU and normal human subjects during infusions of synthetic human G34 and G 17 are, with respect to half-life determinations, quite similar to earlier results from GI 7 in man. In that earlier study, the half-life of synthetic G17 after infusion into 11 normal and 11 DU subjects was 6.2 min in each group, compared with 8.7 and 6.9 min in the corresponding groups of six included in the present study. The half-life of G34 in the previous study, 41.5 min, also agrees well with the values of48 and 38.9 min found in the present study. These differences account for the measured four-to fivefold lower clearance rate for G34 than for G17. The higher acid-stimulating activity of G34 was a striking change from that found in the earlier study.
The simplest explanation for these differences is that there are biochemical changes in the gastrin molecule that lead to a loss of biological activity disproportionate with any loss of immunochemical reactivity with gastrin antibody. The earlier studies estimated that G34 was only about half as reactive with the antibody used for gastrin radioimmunoassay as with G17. However, the preparation of synthetic human G34 used in the present study reacted 100% as well with the antibody used in that study, 1296, as with G17. Therefore, it is reasonable to assume that the natural human gastrin preparation was either only half as pure or only half as immunoreactive as the new synthetic preparation.
The biological activity obtained with the older preparation of natural human gastrin was markedly lower than the acidstimulating activity measured with the new synthetic G34, even when differences in immunochemical reactivity were taken into account. The biological responses to the new synthetic G34 are more compatible, with respect to stimulation oflower esophageal sphincter contraction in man (8) , with those measured for another synthetic G34 preparation, made with a slight mistake in amino acid sequence. A relatively simple explanation, although impossible to prove because the original gastrin preparation is no longer available, is that the natural G34 became oxidized during the lengthy purification procedure. The time between initial tumor extraction and final purification and testing of the natural G34 was -2 yr, during which the peptide would have been repeatedly exposed to potential oxidizing conditions during chromatographic purification steps. Lin and co-workers (21) have shown that conversion of the methionine side-chain of gastrin tetrapeptide into one of the common products of oxidation, methionine sulfone, reduces its acid-stimulating potency by 97%. Thus, oxidation of the major fraction of the old natural human G34 could account for the low biological activity measured. Similar results have been found by others who studied the structural requirements for biological activity ofgastrin peptides (22, 23) .
The conclusion of the present experiments is that G34 in the circulation represents a stimulant of acid secretion in man similar in potency and intrinsic activity to GI 7. These findings suggest that circulating G34 may be considerably more important in regulating human gastric secretion than previously thought (7) , and that the circulating G34 found after surgical resection of the human antrum (6) 
